It is well accepted that the lithosphere may exhibit nonzero mechanical strength over geological time and space scales, associated with the existence of non-lithostatic (deviatoric) stress. The parameter that characterizes the apparent strength of the lithosphere is the flexural rigidity D, which is commonly expressed through the effective elastic thickness (Te) of the lithosphere. Estimates of Te for oceanic lithosphere approximately follow the depth to a specific isotherm (--600øC), which marks the base of the mechanical lithosphere. The physical meaning and significance of the effective elastic thickness for continents are still enigmatic, because for continental lithosphere estimates of Te bear little relation to specific geological or physical boundaries. Although high observed values of T• (70-90 km for cratons) can be partly explained by the present-day temperature gradients, the low values (10-20 km), in general, cannot. In addition, the elastic plate models are self-inconsistent in that they mostly predict intraplate stresses high enough to lead to inelastic (brittle or ductile) deformation, according to data of rock mechanics. To provide a basis for a physically consistent unified interpretation of the observed variations of T• for continental and oceanic lithosphere, we developed an analytical and numerical approach that allows direct treatment of T• in terms of the lithospheric rheology, thermal structure, and strain/stress distribution. Our technique is based on finding true inelastic and equivalent (effective) elastic solutions for the problem of deformation of the lithosphere with realistic brittleelasto-ductile rheology. We show that the thermal state (thermotectonic age) of the lithosphere is only one of at least three equally important properties that determine apparent values of Te. These other properties are the state of the crust-mantle interface (decoupling of crust and mantle), the thickness and proportions of the mechanically competent crust and mantle, and the local curvature of the plate, which is directly related to the bending stresses. The thickness of the mechanically competent crust and the degree of coupling or decoupling is generally controlled by composition of the upper and lower crust, total thickness of the crust, and by the crustal geotherm. If decoupling takes place, it permits as much as 50% decrease of Te, compared with Te implied from conventional thermal profiles. Comparison of the theoretically predicted T• with inferred values for different regions suggests that the lower crust of most continental plates has a low-temperature activation rheology (such as quartz) which permits crust and mantle decoupling. The curvature of the plate depends on the theological structure and on the distribution of external loads applied to the plate (e.g., surface topography, sediment fill, and plate-boundary forces). Bending stresses created by major mountain belts are large enough to cause inelastic deformation (brittle failure and a ductile flow) in the underlying plate, which, in turn, leads to a 30 to 80% decrease of Te beneath such belts and less beneath the adjacent regions. The boundary forces and moments (e.g., due to the slab pull, etc.) lead to more localized but even stronger reductions in Te (e.g., plate necking in subduction zones). Our approach provides a feedback between the "observed" T• and rheology, allowing to constrain the lithospheric structure from estimates of Te. Forsyth, 1980; McNutt, 1980; Lyon-Caen and Molnar, 1983; De Rito et al., 1986; Sheffels and McNutt, 1986; Watts and Tome, 1992]. Irrespective of the real strain and stress distribution occurting within the deformed lithosphere, one can always estimate Paper number 94JB02770 0148-0227/95/94 JB-02770505.00 3905 3906 BUROV AND DIAMENT: ELASTIC THICKNESS OF THE CO•NTAL LITHOSPHERE an "equivalent," or "effective," elastic (plastic, or visco-elastic) plate thickness that will relate the output to the input by matching observed deflection of the plate to the calculated deflection. However, the estimates of Te have little correlation with any geological or physical boundary within the continental lithosphere, although they provide a convenient basis for comparison between continental regions [e.g., McNutt et el., 1988; Ebinger et el., 1989; Bechtel et el., 1990]. This is partly because no information on the internal structure of the lithosphere is used, and the assumed mechanical properties of the plate parameterize only the "response function" of the lithosphere and therefore cannot provide any insights into the actual "black box" (continental lithosphere). We refer an estimate of Te, obtained by the traditional methods, as the "observed" or "inferred" Te. Such an estimate can be treated as a fixed parameter of the response function that roughly relates two general groups of observations: external loads (e.g., topography) and the plate deflections, caused by these loads (estimated from Moho or substratum geometry, gravity anomalies, bathymetry). Even if the physical meaning of the observed Te is not evident, it is clear that the deflection of a lithospheric plate, or gravity anomalies measured over it, yield an estimate of an average value of Te. In the past 10-15 years it became widely accepted [Caldwell and Turcotte, 1979; Watts et el., 1980; McNutt and Menard, BUROV AND DIAMENT: ELASTIC THICKNESS OF THE CONTINENTAL LITHOSPHE• 3907 ture of the European continental lithosphere: Constraints from rheological profiles and EET estimates, submitted to: Geophys. J. BUROV AND DIAMENT: ELASTIC THIC•SS OF THE CONTINENTAL LITHOSPI•• 13961-13973, 1989. Molnar, P., and D. Qidong, Faulting associated with large earthquakes and the average rate of deformation in central and eastern Asia, J. Geophys. Res., 89, 6203-6227, 1984. Molnar P., and Tapponnier, A possible dependence of the tectonic strength on the age of the crust in Asia, Earth Planet. Sci. Lett., 52, 107-114, 1981. M6rner, N.-A., Glacial isostasy and long-term crustal movements in Fennoscandia with respect to lithospheric and asthenospheric processes and properties, Tectonophysics, 176, 13-24, 1990. Na, T.Y., Computational Method• in Engineering Boundary value problems, 309 pp., Academic, San Diego, Calif., 1979. BUROV AND DIAMENT: ELASTIC TH/CKNESS OF THE CONTINENTAL LrIl-tOSPHE• 3927 Soc. , 36, 57-90, 1974.  Watts, A.B., and M. Torne, Crustal structure and the mechanical properties of extended continental lithosphere in the Valencia through (western Mediterranean), J. Geol. Soc. London, 149, 813-827, 1992. Watts, ^.B., J.H. Bodine, and N.M. Ribe, Observations of flexure and geological evolution of the Pacific Ocean basin, Nature, 283, 532-537, 1980. Wessel, P., ^ re-examination of the flexural deformation beneath the Hawaiian islands, J. Geophys. Res., 98, 12177-12190, 1993. Wessel, P., and W.F. Haxby, Thermal stresses, differential subsidence, and flexure at oceanic fracture zones, J. Geophys. Res., 95, 375-391, 1990. Wever, T., The Conrad discontinuity and the top of the reflective lower crust-Do they coincide?, Tectonophysics, 157, 39-58, 1989. White, N., and D.P. McKenzie, Formation of the "Steer's Head" geometry of sedimentary basins by differential stretching of the crust and mantle, Geology, 16, 250-253, 1988. Zoback, M.D., W.H. Prescott, and S.W. Krueger, Evidence for lower crustal strain localisation in elastic thickness of continental thrust belts, Nature, 317, 7705-7707, 1985. Zoetemeijer, R., P. Desegaulx, S. Cloetingh, F. Roure, and I. Moretti, Lithospheric dynamics and tectonic-stratigraphic evolution of the
Introduction
The significance and utility of the flexural rigidity or the effective elastic thickness (Te) of the lithosphere are based on the concept that the gravitational equilibrium of the lithosphere can be maintained over geological time and space scales and that the resulting static deformation is explicable as flexure of a thin competent (elastic, plastic) plate overlying an inviscid fluid classical Airy model (local compensation) corresponds to a flexural model where the plate has no strength (zero rigidity, zero viscosity, etc.). Analytical and numerical models of the mechanical behavior of the lithosphere generally consider it as a closed system with "black box" response to external parameters: the input variables include surface and subsurface loads, density variations (i.e., motretain belts, magmatic underplating), forces (asthenosphere). The deflection of the plate depends on the in-(due to horizontal far-field stresses), and bending moments ferred properties of the plate (elastic, plastic, etc.). For example, (related to plate curvature), whereas output variables consist of the geometry of the substratum (crystalline basement), deflections of the Moho, and gravity anomalies [e.g., Watts and •On leave from Institute of Physics of the Earth, Moscow. Talwani, 1974; Dubois et al., 1974; McKenzie and Bowin, 1976; ] that the major factor, responsible for variation of Te of oceanic plates, is the thermal structure of the oceanic lithosphere, which depends on its thermal age. The thermal age is usually defined as a period of time required for the lithosphere to reach its present-day thermal state, assuming that the lithosphere was initially melted. The thermal age of the oceanic lithosphere mostly coincides with the real (geological) age, except in zones of remarkable thermal anomalies. The lithosphere cools with time, becomes stronger, and T e increases. It was shown [Watts, 1978, Figure 1 ] that the value of Te approximately equals the depth to a specific geotherm of 450øC-600øC used to determine the base of the mechanical portion of the oceanic lithosphere. In spite of deviations from this relationship in the vicinity of some seamcunts and oceanic islands [e.g., Calmant and Cazenave, 1986] , or at the deep-sea trenches and large-offset fracture zones [McNutt and Menard, 1982; Weseel and Haxby, 1990] , it generally works well in the oceans (Figure 1) . Any significant deviations of the observed Te from that predicted from the conventional thermal model are usually treated as indicators of thermal anomalies (though McAdoo et el. [1985] have shown that intense bending, for example, at trenches, may result in decrease of the strength of the lithosphere). Some of the scatter in values of Te obtained by different authors can result from use of different material parameters for its estimation [Deplus, 1987] . Te is equal to (12D(1-v2)/E) -3 where D is the flexural rigidity. Typical variations in assumed values of E and v (Young's modulus and Poiseone's ratio, respectively) may lead to -10-20% scatter in estimates of Te (Thus the flexural rigidity D is less uncertain than Te, and for comparison between different regions or data sources it is important to know both parameters, D and Te.) The quality of the bathymetry and other data, as well as the different techniques used for estimation of Te (admittance, coherence, forward modeling), also cause discrepancies between the theoretical predictions and estimates of Te inferred from observations of lithospheric flexure [e.g., Weseel, 1993; Filmer et el., 1993] . Another possible source of uncertainty is the usual neglect by possible horizontal stresses in computing the flexure. Indeed, the horizontal stresses can be neglected within the assumption that the lithosphere is perfectly elastic and flexes in a stable regime [Turcotte and Schubert, 1982] . However, in the case of inelastic lithosphere the effect of horizontal stresses is much more important due to possible strain softening and development of instabilities [Cloetingh et el., 1982 Sclater, 1977] . Data sources: as given by Deplus [1987] , Smith et el. [1989] , and Watts, [1992] . Additional points are taken from Calmant Int., 1994]. Finally, the notion of Te is linked to the assumptions of small plate deflections, thin plate approximation, and cylindrical bending [Turcotte and Schubert, 1982] . These assumptions are not always completely satisfied in studies on modeling of the lithospheric flexure, which may result in inaccurate solutions for the plate deflection and, consequently, in overestimates or underestimates of Te. To summarize, we would assume that 25% uncertainty is a quite realistic estimate for the accuracy of most data on T e. In contrast to oceanic regions, the concept of age/temperature dependence of Te is only crudely applicable to continental lithosphere ( Figure 2) [e.g., . Although it is clear that the strength of the continental lithosphere is somehow controlled by its thermal state [e.g., Sahagian and Holland, 1993 ], many authors have shown that Te in the continents cannot be described by a relationship with a single parameter like age/temperature [e.g., Cochran, 1980; McNutt et al., 1988; McNutt, 1990; Banda and Cloetingh, 1992; Watts, 1992; Kruse and Royden, 1994 ]. It appears that Te also depends on distribution of loads, dip angle, and curvature of the plate. Te in the continents has a wide range of values (5-110 km, Figure 2) having a "bimodal" distribution with a primary peak at 10-30 km and a secondary one at 70-90 km [Watts, 1992] The continental lithosphere shows a more complex rheological stratification than the ocean floors, partly because of its thicker crust, its longer history, and its modification by surficial processes (e.g., erosion, sedimentation and orogenesis). To represent flexure of the continental lithosphere, Burov and Diament [1992] have developed a numerical model of bending of a plate with multilayered nonlinear brittle-elasto-ductile rheology that predicts geometry of areas of ductile and brittle failure and the distribution of extensional and compressional stresses. They also showed that the dimensions of inelastic zones in the flexed continental lithosphere may exceed the dimensions of the areas that remain quasi-elastic. Despite the fact that there are serious problems with the interpretation of the effective elastic thickness in continents, T e is a useful easy-to-estimate parameter that provides important information on the mechanical and thermal state of the lithosphere. However, its understanding requires thorough revision and quantitative interpretation in terms of lithospheric rheology and structure. The general purpose of this paper is an attempt to give such interpretation of behavior and distributions of Te in continents and to provide an easily reproducible numerical approach relating continental and oceanic Te to lithospheric rheology, regional tectonic setting, and thermal structure. This provides a feedback between the "observed" Te and rheology, allowing us to put constraints on the lithospheric structure from estimates of Te.
Mechanical Properties of the Lithosphere and Major Deviations From Elasticity
The major contradiction between the assumption of a linear elastic rheology and what we know about properties of the rocks is that the elasticity assumes no dependence between strain rates, stresses, and time. This assumption implies that rock properties are independent of stress and strain (that is linear increase of stress with increase of strain, which results in large or overestimated tectonic stresses typically predicted by elastic models [e.g., Goetze and Evans, 1979; Lyon-Caen and Molnar, 1983] ).
Mechanical Properties of the Rocks' Experimental Data
The finite strain properties of the lithosphere and underlying asthenosphere can be described by empirical constitutive relations that express the yield stress limits of the dominant lithologies within the continental and oceanic lithosphere, as functions of strain rate, temperature, pressure, and activation energy [Goetze, 1978; Brace and Kohlstedt, 1980; Kirby, 1983; Kirby and Kronenberg, 1987; Ranalli and Murphy, 1987] . The dominant lithologies for the continental lithosphere are basically quartz (upper crust), diabase, quartz-diorite, plagioclase (lower crust), and olivine (mantle). Although most of experimental constitutive relations are established for minerals (like quartz and olivine), it is believed that the behaviour of rocks is controlled by the properties of the weakest among the dominant minerals [e.g., Brace and Kohlstedt, 1980] . Combining rheological layers (yield-stress envelope, YSE), one can examine the competence of depth horizons within the lithosphere for a given deviatoric stress. The rocks may deform quasi-elastically if the deviatoric stresses are below the yielding limits, otherwise they fail either by brittle sliding or by ductile creep flow. Thus the upper areas of the crust and mantle are controlled by predominantly brittle (effectively plastic) failure, commonly associated with seismic activity [Mareschal and Gangi, 1977; Mareschal and Kuang, 1986; Talwani and Rajendran, 1991; Long and Zelt, 1991 ] . The deeper, hotter lithosphere is controlled by temperature-activated creep. The intermediate levels, where the yielding limits are not exceeded, can be considered as elastic. The major difference between the crustal and upper mantle rocks is that the ductile flow of the crustal rocks (e.g., quartzites, granites) occurs at much lower temperatures than those of olivine. This suggests that the crust may flow under much lower stresses than the mantle. In steady state deformation the strain rate should be in balance with the imposed flow stress. If the imposed stress is lower than the steady state ductile strength, almost no ductile deformation will occur and the effective viscosity and the stress relaxation time will be very high. In this case the material can be considered as elastic. Similar conditions apply when the imposed stress does not reach the brittle (plastic) strength.
In a generalized form the relationship between strain rate and stress in a point with
In this paper we adopt the following material constants for the creep law (dry _,minerals). In the real Earth the stress-strain dependence always has characteristic timescales. Thus both plastic and elastic rheologies are rather physical assumptions, because neither plastic nor elastic rheology assumes time dependence between stress and strain. Nevertheless, brittle behavior of materials can be modeled as quasi-plastic by assuming that n --> oo whilst the strain rate g remains finite. To describe transition to the plastic regime of deformation, one can use, for example, the Von Mises criterion of plastic yielding: where (01 -03)-o b is the differential yielding stress. The brittle strength is to a first approximation insensitive to temperature and is mainly pressure-controlled. Byeflee [1978] also found that initiation of slip on precut rock faces is not sensitive to rock type.
The elastic, or quasi-elastic behavior can be modeled by assuming infinite strain rate at finite value of stress: where oe(a) is the elastic differential stress, defined accordingly to (3b). Equation ( We use the term "thermal age" (see appendix) to discriminate from the true geological age. The thermal age (t) controls the depth to a specific geotherm obtained from the plate cooling model assuming that the lithosphere did not undergo thermal resettings during this time (appendix, Figure 2 ). Therefore the thermal age gives the age of the last large-scale thermal event. In the absence of such events it coincides with the geological age (e.g., Siberian eraton, Tarim basin). The thermal age allows us to specify lithospheric geotherm, and it also provides a lower bound on the true age of the lithosphere. Use of the surface heat flux in continental domains is less convenient because there it is too "polluted" by upper crustal heat generation and superficial thermal effects due to erosion and sedimentation. Therefore it mainly reflects crustal processes and should not be used to infer directly the subcrustal geotherm [England and Richardson, 1980] . However the surface heat flux is still useful to constrain the crustal geotherm [Jaupart, 1983] .
elk = E-l(( 1 + v)c•ik -VC•llbik) c•ik = E(1 + v)-l(eik + v(1-2v)-lgllbik)
The base of the mechanical lithosphere in continents is referred to the depth at which the yielding stress is less than 10-20 MPa, that is the depth to the isotherm 700ø-•750øC [McNutt et al., 1988] . The depth to this geotherm is defined from the thermal model of the lithosphere (see appendix), and can be additionally constrained from the heat flux data, seismic data and from inversion of the middle-and long-wavelength magnetic anomalies (this allows to define the depth to Curie's temperature 600øC [Achache et al., 1994] ). However, we avoid prescribing some fixed values for the minimum sensitive deviatoric stress but make it dependent on the lithostatic pressure, for example. We thus prefer to define the depth to the mechanical base of the lithosphere as the depth where the yielding stress becomes negligible compared to the lithostatic pressure (1-5% of the lithostatic pressure at the depth to the isotherm 700ø-800øC). It is also sensible to relate the base of the mechanical lithosphere to some minimum sensitive value of the vertical gradient of yielding stress (say, 10-15 MP•).
If the uncertainties in age/temperature are about 10-20%, the uncertainties in determination of the depth to the mechanical base of the mantle lithosphere will be only about 5-10% (Figure 3a) . The same applies to the base of the mechanical crust (isotherm 300ø-400øC for quartzites). Note also (equation (lb)), that the yield stress is proportional to the 1/n power of the strain rate divided by the material constant and exp(-H*/RT). Keeping in mind that n is -3, this means that the uncertainty in the determination of the stress is roughly proportional to the cubic root from the uncertainties in A*, • , and exp(-H*/RT). Thus 10-20% uncertainty in the above parameters will lead to only few percent uncertainty is the stress.
Strain rate. Figure 3b shows dependence of the YSE on the strain rate. The basic strain rates are typically known within the accuracy of 1 order. As seen from Figure 3b , such uncertainty in estimation of the strain rate will change the yielding limits by no more than 10%. Three orders of variation of the strain rate will result in only 1 order of variation of the yielding stress for dislocation creep [e.g., Hopper and Buck, 1993].
Mechanical Model for Nonlinear Flexure

Deformation of an inelastic medium (plastic, viscous-elastic)
can be described as deformation of an elastic medium with timespace variable elastic properties. This approach, known as the method of elastic solutions, is commonly used in applied mechanics [e.g., Alexandrov and Potapov, 1990 ]. Deflection of an inelastic (brittle-elasto-ductile) plate can be modeled as deflection of some equivalent elastic plate with space-variable Te. However, such effective Te, valid only for the instantaneous, or static plate geometry, may yield only correct strains but not necessarily stresses, and it will vary with changes in the plate geometry or in the distribution of loads. [Timoshenko and Woinowsky-Krieger, 1959 ]. This also applies to the radius of plate curvature in yz plane, which should be greater than Rxz and h 2 as well. All available direct estimates of Te (Figure 2) are obtained within these assumptions. Therefore we can use them to test the compatibility of our theoretically predicted values of T e with the direct estimates.
Plate Equilibrium Equations in Rheology Independent
Dependence on Rheology in Plate Equilibrium Equations
The dependence of plate equilibrium equations on theology "plugs in" only at the stage when one has to specify the functions Mx and Tx in (9). Indeed, this requires us to define the materialdependent relationships between the internal stress components 1 -n(x,y) )Og(x,y ) is the bulk density, n is porosity, Of is a density of pore fluid, and Og is a density of solid grain, h(x) is negative above the sea level. The geometry and location of the rheological interfaces are not tied to some predefined levels within the plate, as in the pure elastic case, but evolve with the deformation (Figures 3b and 3c) . Equations (10) reflect two major characteristics of the nonlinear lithosphere: division onto fixed layers (their thickness is independent of strain and stress), and onto layers with variable, adoptive thickness that depends of the stress/strain distribution. The division onto fixed layers is determined by the piecewise continuous lithological structure of the lithosphere consisting of the upper, middle, and lower crustal layers (e.g., quartz, quartz-diorite, diabase, respectively) and of the upper mantle layer (olivine). This layering is simply determined by which specifical mineral composition controls the mechanical properties of the lithosphere at a given depth (this is described by the index J=JO) of the material parameter set ij, for example, 11 for quartz, 12, 22 for diabase ... 31 for olivine. Here i=1 for the upper crust, i=2 for the lower crust, i=3 for the mantle, j(1 )=1 for the quartz, j(1)=2, j(2)=2 for the diabase, j(3)=l for the olivine.) Naturally, the lithological layering does not depend on plate flexure (excluding phase transitions that might be dependent on differential stress as well as on the change in PT conditions caused by plate deflection). The geometry of the brittle, ductile, and elastic zones is stress and strain-dependent, resulting in adoptive layering onto brittle, ductile and elastic sublayers 
Results of Modeling and Discussion
In this section we investigate major factors controlling the effective elastic thickness of the lithosphere. We compare existing Te estimates for different regions with model predictions. We investigate the influence of factors such as the load of the topography, the plate curvature and the crustal composition. We investigated the idea of Te reduction by crust-mantle decoupling. For that we computed initial (maximum) Te of the lithosphere before loading (and bending), that is, for radius of plate curvature (Rxv) greater than 104 km (the radius of the Earth is 6378 km=103'S'km). Using (1)-(3), (5), and (12), we made these computations for all possible range of thermal age (t) (appendix) and crustal thickness (hc). The predicted Te ( Figure  4 ) has a strong "bimodal" behaviour, because for each value of the thermal age and given rheological parameters there is a critical or transitional value of crustal thickness hc=hcc(t). The lithosphere is always decoupled when the crust is thicker than this value (hc>h½½(t)), and coupled, when the crust is thinner (h½<hc½(t)). This critical value corresponds to the transition zone in Figure 4b . It rapidly increases with the age of the lithosphere until it reaches an asymptotic value of 40+5 km for ages greater than 750 Ma. In the vicinity of this critical value the flexural strength may vary within 50-90%. The sensitivity of Te to the critical crustal thickness can explain the bimodality of the distribution of Te estimates in the continents mentioned by Watts [1992] . Interestingly, the asymptotic value of the critical crustal thickness is close to the typical average thickness of the continental crust (-40 km). Note also the predicted weak de- ...................  ! ............. .... i ...................... ! ........ , ............... ! ........................ I ........................ ! ........................ i ........................ ! ........................ ! ...................... ................. ......... , ........................ .................... . ................  I ...................  I ...................  I ...................  I ...................  I ...................  I ...................  I ...................  I ...................  I ...................  I ...................  I ...................  I ....... ............ I ................... I ................... I ................... I ................... I ................... I ................... I ................... I ................... I ................... I ................... I .............. i .... I ..... For example, for the points FE, E.A., W.A., and S.A. h c is around 30 
Te and Crust-Mantle Coupling and Decoupling
It has been suggested that variations in the composition and thickness of the crust may result in decoupling (low-temperature activated lower crust and/or thick crust) or coupling (more
Te and Regionally Distributed Surface Loads (Topography)
The previous analogy with the laminated spring becomes insufficient when the lithosphere is loaded by significant laterally distributed loads. The differential stresses caused by such loads may lead to variation in the thickness of the mechanical layers and they will be no more equal to hi, h2 ... Figure 5 shows a quite satisfactory fit between the data and predictions within possible uncertainties, though in some cases (e.g., Carpathians, Pamir, Kunlun, Kazakh shield, Alps) there is a systematic -20% deviation between the predictions and observations, such that the predicted values of Te are generally larger than the observed ones. We have to assume that in these cases the lithospheric strength is reduced by some additional complementary mechanism. We considered possible factors that could affect the local values of Te. The elevated surface topography creates normal stresses of about 50-150 MPa. This is enough to cause significant flexural deformations (and bending stresses)of the underlying lithosphere. The surface topography is therefore one of the best candidates for major factors controlling the effective strength of the lithosphere. To investigate this point, we computed deformations of the lithospheric plate loaded by distributed topography loads. Figure 6a shows an example of a large mountain belt of 3.5 km height and 200 km width overlying -250 Ma plate with a 35-km-thick quartz-dominated crust. The elastic thickness of such a plate before loading is about 45 km (Figure 4b) . The mountain load leads to significant spatial variations of Te that drops beneath the belt axis from 45 to 20 km. As a result the mountain appears more locally compensated than the adjacent regions. Te variations can be traced via seismic reflection and refraction data on deflection of the Moho and via gravity anomalies associated with this deflection (Figure 6a, top) Figure 6a that the high topography is able to create large zones of brittle failure in adjacent regions, usually associated with shallow seismicity, whereas the higher lithostatic pressure beneath the topographic feature itself confines the material, thus preventing it from brittle failure. For the same reason that causes strength reduction beneath the mountains, flat basins, eratons, and eroded areas may exhibit much higher strength than the adjacent areas of higher relief and/or intensive orogeny [e.g., Lyon-Caen and Molnar, T e and Gravity variations due to topography load. i .... • , , , , i .........  i , I • , , ....  i ........  , I , • .. -"-....................................... '" ..:......... .... :.:..::.'...'?:-.•..,,-:;.,.•.•..•.-:•,•..,•'t•-'.,•,;,•...•..-,,.•.• :•.•..•.;•.•,•...,.,.,,•..,,..::i.•,:.,::•:;:;,,,.-........ ß .... ... ..... . . •'"' ....... ' ............. '" :'%r.•-........ •"• .................. ?'•:" .................................. :....-............. -.  ........... :e;' m -' ..... . .......... dUctile'lOwer crust ' . ....  "-.......... Figures 6c and 6d ). ......  I .........  i .........  i .........  i ....... >-150 1 '-••.,, ,, .......... Non-linear ...................  ß .. .............. :• :::'-"..• .'•,,• -.•L.....•.' •  :_ .. ............. :?':?.':'.'?.'.....:::...:::'..-.:":•:,-':'-':--'-"-"'   .............. ' ...... .'..-' ' '.---',: ----,.--L •..'-:":'"'.':'-:--'..-.......... ,_' ' :. '-..: .... ... ....  --. ' . '.-" i; .... ..:-•,. . .;•::, -..:  ..., .: .....  ...' ..... ....-: ..... , tectonic events must be considered to explain the present-day Additional thermal heating from below in combination with flexural response of the lithosphere in the Betic Cordilleras the mountain load can dramatically reduce the effective strength (Spain). After all, the regional intraplate stresses may be of im-of the lithosphere (Figure 6b). Figures 6a and 6b show strength portance in some cases, even if these stresses are lower than variations due to topography load placed on a continuous plate. buckling/folding limits [Cloetingh et al., 1982; The strength variations due to topographic loads located in the Burov, 1994 ]. vicinity of plate edge (broken plate, for example, subduction
The idea that T e may be controlled by surface topography also zones) is similar to the effect of the boundary forces shown in applies to the oceans, thus allowing explanation for strength reduction reported beneath the seamounts and oceanic islands [McNutt and Menard, 1982; Calmant and Cazenave, 1986 ]. The general difference between the oceanic and continental lithosphere is that the first has a negligibly thin crust and low thermal thickness (see appendix). For example, one can predict more than 50-80% strength variations beneath the Hawaiian Archipelago (around 5 km high from sea bottom, more than 100 km width) just due to the load of the archipelago itself. Figure 6c and discussed below. The results of time-dependent finite element computations that we made additionally to the above experiments, also confinn that loading by topography leads to maximum inelastic straining in the weak lower crust, resulting in a flow of the low-viscosity material through the lower crustal channel (Figure 6a, middle) . .................   0  ........... .............. ' ....... ' ...... ' .................. : ....... .:: ........ :: ................ ' ........... :;:,,,,:•,,.:,;;,,, .............. .•.,.......; ............... .;....,..; .. ......  , .........  , ..........................   o  aoo   50 i ............................. , ,   . . ........ ß .... ": ...... " ': ................... ": ...... .'•. [ McNutt and Menard, 1982; Wessel and Haxby, 1990; Judge and McNutt, 1991 ] . One should also note that the regional intraplane horizontal stresses may affect the position of the internal rheological zones (Figure 3d ). This can be especially important in the zones of titling where the extensional stresses may reach hundreds of megapascals [e.g., Chary et al., 1992].
Te and Dynamic Variation of Vertical Load (Subsidence Due to Sedimentation and Unloading Due to Erosion and Other Surface Processes)
It follows from our results that the variation of surface load in time, for example, due to sedimentation processes in sedimentary basins, or erosion in high relief areas, can dynamically change the strength of the underlying plate. Particularly, this should be important for the problems of back-stripping. As it is commonly accepted [Watts and Tome, 1992] the main factors responsible for the subsidence of extensional basins are the crustal thinning at the time of rifling, cooling, and subsequent sedimentary loading. Various mechanisms have been proposed to explain the origin of thinning, but most of them relate crustal thinning to the pure horizontal extension caused by different processes such as plastic necking, mantle extension or horizontal creep flow in lower crust [Bott, 1971; White and McKenzie, 1988] . All these models separate mechanisms of crustal thinning and sedimentation. However, we can show that sedimentation and crustal thinning are interdependent, because the increase of the vertical load due to deposition of sediments results in weakening of the underlying crust. Particularly, this may change the amplitude (or rate) of subsidence by 10-20%. Of course the main mechanism of crustal thinning (horizontal extension) retains its leading r01e, but the additional strength decrease due to the vertical loading can be also important. It may even facilitate the process of extension in the cases when extension did not stop after the first rifting stage.
In most cases the reconstruction of basement geometry and evaluation of the amount of crustal thinning is done by removing sediments without taking into account Te-load dependency, that is, using the present-day Te estimates or simply zero Te to model lithospheric flexure at the initial time when there were no sediments at all (backstripping [e.g., Watts and Tome, 1992] ). Variation of surface load with time during the processes of sediment deposition in sedimentary basins and erosion in the uplifted flank areas dynamically changes the strength of the underlying lithosphere. For passive margins this issue was discussed in early work by Cloetingh et al. [1982] . We confirm that especially for the young lithosphere, Te variations due to sediment deposition may be about 20%. This can lead to 10% difference in the basement geometry and rate of subsidence predicted by the traditional linear models. This suggests that the results of back-stripping reconstructions based on the assumption of a zero, or nonzero constant, or only an age/temperature dependent Te, may require some reconsideration. The same applies to postglacial rebound studies. The effective strength of the lithosphere varies during postglacial rebound and therefore affects the estimates of the effective viscosity of the underlying mantle.
Te and Plate Curvature
A parameter characterizing the degree of flexural deformation is the local radius of the plate curvature (Rxy). It can be obtained from geometry of plate deflection (basement or Moho) known from geodetic, seismic, and gravity data. On the other hand, the radius of plate curvature is related to the gradient of bending stresses within the plate ¾: Rxy • -(w") -] ~ -(¾(1 -v 2 ) 
Therefore the dependence between the local deformation of the lithosphere and its strength can be described as a dependence between Te and Rxy. We calculated Te-Rxy-age relationships both for coupled and decoupled rheology and compared it with available data on Te and Rxy (Figure 7) . and mantle (e.g., subducting plate, Figures 6c and 6d ; see also Figure 3b ). Grey lines correspond to the concave downward flexure, with compression in the uppermost crust and mantle (e.g. abducting/overriding plate or the case like in Figures 6a and 6b; see also Figure 3b ). Solid squares correspond to estimates of arc front curvature (xz plane); triangles correspond to those in xy plane. Note that the overriding (downward flexed) plate generally cannot be so highly flexed as the subducting plate, because the stresses required for the concave downward flexure are much higher than that for the concave upward flexure (the brittle areas are stronger for compression than for tension (Figure 3) . ........ DECOUPLING: CONTINENTAL LITHOSPHERE .............................................. 't .......... t ...................................... • ............................ ................... i  ......................... 1000-2000 Ma   ............................................................................................................................................................... '  T ...................................................... '-' ........................................................................................................ ....................................... ......................................... OCEANIC LITHOSPHERE ............................................................................................................................................... 7a and 7b) . It is also evident from comparison with the observations that the implication of the &coupled rheology (Figure 7b ) definitely provides a much better fit to the data than does the coupled rheology (Figure 7a) , except for some old and cold plates (Appalachians, Himalayas) that certainly are better explained by the coupled rheology. This leads us to the basic conclusion that most continental lithospheric plates can be characterized by a low-temperature activation (e.g., quartz-dominated or highly wet, etc.) crustal rheology. Figure 7c shows a test of our model for the oceanic lithosphere against the data on the Nazca [Judge and McNutt, 1991 ] and Hawaiian Islands [Wessel, 1993] . One can see a good fit between their estimates of Te and our predictions: high curvature of the 30 to 45-Ma-old Nazca plate offshore Chile (Rxy-1000 km) leads to almost 30%40% reduction in Te as compared to the same plate offshore Peru, where the radius of the plate curvature is much higher (R•v > 5000 km). The other purpose of modeling the oceanic lithosphere was to emphasize the importance of the crust-mantle decoupling in the continents. The comparison with Figure 7b shows that for equal thermal ages the oceanic lithosphere may be even stronger than the continental lithosphere, although the base of mechanical lithosphere in the oceans is much shallower than in the continents (Figures 1 and 2) .
Conclusion
We propose a model that provides a theology consistent explanation for the behavior of T, in continents and oceans: the strength (T,) of the continental lithosphere is controlled by its thermal structure as in the case of the oceanic lithosphere, but in conjunction with two other equally important complementary mechanisms: (1) the strength reduction by crust-mantle decoupling and (2) by the bending stresses that result from flexure caused by the presence of the surface and subsurface loads. These bending stresses are directly related to the plate curvature. Testing the above assumption against available data suggests that decoupling is responsible for a total reduction of T, by 50-90% in most places except some for very old lithosphere (t > 750-1000 Ma). This suggests that almost everywhere in continents the crust is dominated by low-temperature activation minerals (quartz or highly wet, etc.), thus allowing use of T• estimates as distinct controls on the crustal rheology. For very young lithosphere it is quite possible that the lower crust can be detached from the mantle even if it has a high temperature of activation (diabase, Figure 3a) . Anyway, the mantle does not contribute significantly to the total strength of very young lithosphere, and Te rather coincides with the depth to the base of the mechanical crust.
There is a critical value of the crustal thickness that controls the possibility of crust-mantle decoupling. This value is about 3540 km for old lithospheric plates (t > 750 Ma), whereas for younger lithosphere it is essentially age-dependent. Coincidentally, this critical value for old lithosphere is equal to the average, or most typical thickness of the continental crust. This result probably explains the bimodality in the continental Te distribution noted by Watts [1992] . In order to understand the meaning of Te one has to consider crustal thickness, in addition to the traditional parameters such as age/geotherm. Reduction of Te by nonlinear flexure is a third important mechanism that may lead to localized reductions in the lithospheric strength of up to a factor of 5. Most of available Te estimates were obtained in regions of intensive plate deformations (Rxy < 103 km). Therefore they cannot be simply extended to the nondeformed parts of the plates, because strong localized deformation in the deformed areas where these estimates were obtained can reduce Te by a factor of 2-5, whilst the rest of the plate maintains the initial higher strength (Figures 7b and 7c) . Cochran [1980] suggested a similar idea on the basis of observations. Strong variation of Te in Alps and Apennines also can be explained on the same basis [Royden, 1993; Kruse and Royden, 1994; Okaya et al., 1994] . The flexure of the lithosphere is, of course, not the only mechanism responsible for significant deviatoric stresses, but at least one of the most evident. In zones of active rifting or compression, the lithospheric strength is additionally reduced by high regional horizontal stresses, by local thermal anomalies, and by possible preexisting mechanical heterogeneities [e.g., Chary et al., 1991]. For example, in most elastic plate models, horizontal tectonic force is ignored because it does not affect the deflections of the elastic plate until the plate starts to buckle. In the inelastic plate the horizontal force may decrease the value of Te and shift positions of the neutral planes and of the rheological interfaces (Figure 3c ).
As long as orogeny continues, the strength (T e) of the lithosphere underlying the orogenic belt decreases. Plate unloading due to erosion, for example, will then result in an increase of the lithospheric strength. This also concerns the other processes associated with modification of surface topography and loads, like sedimentation (decrease of Te), postglacial rebound, and erosion (increase of Te). Therefore T e reflects a current dynamic balance between the topography, plate-boundary forces, and lithospheric structure. Te dynamically varies to adopt changes in the surface and subsurface loads. This result implies a possible need to reconsider previous results of modeling of processes associated with dynamic changes of the surface loads, like the above mentioned postglacial rebound and basin subsidence. For example, the active dynamic role of the lithosphere in surface load-mantle balance during postglacial rebound may significantly change the estimates of the effective viscosity of the mantle.
The existing Te estimates, in combination with the proposed approach, provide additional independent constraint on the plate history, its thermal state and rheological composition. Particularly, strong separation between Te values for coupled lithosphere and those for decoupled lithosphere allow us to use Te as a discriminating paraIneter on the crustal rheology. Finally, froIn comparison of the observed Te with values, predicted by our model, one can assess whether the examined area underwent thermal resetting or other significant tectonic events, as well as discriminate betxveen different possible crustal compositions.
Appendix: Thermal Model of the Continental Lithosphere
We estimate the thermal structure of the lithosphere (T =T(y,x, O) 
